INTRODUCTION
Birth weight (BW0) is closely related to the vitality of piglets. Piglets with low BW0 have decreased chance to survive and reduced growth rate until weaning (Quiniou et al., 2002) . The latter has negative consequences on the post-weaning performance of pigs (Milligan et al., 2002) . In recent decades, intensive selection of sows for litter size at birth has made a large contribution to the efficiency of pig production. Larger litters, however, tend to have higher number of piglets with low BW0 due to lower within-litter mean BW0 (Milligan et al., 2002; Foxcroft et al., 2006) . 
Genetic analysis of within-litter variation in piglets

ABSTRACT:
The objective of this study was to estimate the genetic variance for within-litter variation of birth weight (BW0) using genomic (GRM) or pedigree relationship matrices (PRM) and to compare the accuracy of estimated breeding values (EBV) for within-litter variation of BW0 using GRM and PRM. The BW0 and residual variance of BW0 were modeled by the double hierarchical generalized linear model using GRM or PRM. Data came from 2 dam lines: Landrace and Large White. After editing, the data set in Landrace consisted of 748 sows with 1,938 litters and 29,430 piglets and in Large White of 989 sows with 3,320 litters and 51,818 piglets. To construct GRM, 46,466 (Landrace) and 44,826 (Large White) single nucleotide polymorphisms were used, whereas to construct PRM, 5 generations of pedigree were used. The accuracy of EBV with GRM was estimated with 8-fold cross-validation and compared to PRM. Estimated variance components were highly similar for GRM and PRM. The maternal genetic variance in residual variance of BW0 in Landrace was 0.05 with GRM and 0.06 with PRM. In Large White these were 0.04 with GRM and 0.05 with PRM. The genetic coefficient of variation (GCV SDe ) was about 0.10 in both dam lines. This indicates a change of 10% in residual SD of BW0 when achieving a genetic response of 1 genetic standard deviation. The genetic correlation between birth weight and its residual variance was about 0.6 in both dam lines. The accuracies of selection for within-litter variation of birth weight were 0.35 with GRM and 0.23 with PRM in Landrace and 0.29 with GRM and 0.34 with PRM in Large White. In this case, using GRM did not significantly increase accuracies of selection. Results, however, show good opportunities to select for reduced within-litter variation of BW0. Genomic selection can increase accuracy of selection when reference populations contain at least 2,000 sows.
Until now, few studies have focused on breeding for lower within-litter variation of BW0 and feasibility of genetic improvement has not been verified. Maternal heritability for within-litter SD of BW0 was reported as 0.08 (Damgaard et al., 2003) and 0.10 (Högberg and Rydhmer, 2000) . This level of heritability would enable accurate selection only if high numbers of phenotypes would be available. Genomic selection could increase accuracy of selection for within-litter variation of BW0. As shown by Sell-Kubiak et al. (2015) , double hierarchical generalized linear model (DH-GLM; Lee and Nelder, 2006) can be used to analyze within-litter variation of BW0. Mulder et al. (2013a) showed that DHGLM can be easily modified to use for genomic selection. No studies, however, have been performed yet to assess the application of genomic selection for within-litter variance of BW0.
Therefore, the objective of this study was to analyze the BW0 and the within-litter variance of BW0 with DHGLM using pedigree relationship matrix (PRM) or genomic relationship matrix (GRM). Subsequently, the accuracy of estimated breeding values (EBV) using PRM or GRM was estimated with cross-validation. The accuracies were used to estimate the number of chromosome segments to predict the relationship between the size of the reference population and the accuracy.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not required for this study because the data were obtained from an existing database.
Phenotypic and Pedigree Data
Topigs Norsvin (Beuningen, The Netherlands) provided the dataset for this study. Data were collected at nucleus farms between April 2007 and June 2013. Birth weight records collected from crossbred litters were used. The litters were obtained from mating Landrace × Large White: 499 Landrace m × 1,056 Large White f and 365 Large White m × 813 Landrace f ). Because piglet BW0 is considered to be mainly a trait of the sow (Roehe, 1999) , only the dam line will be mentioned when describing the data.
Phenotypic data were prepared according to the requirements used by Sell-Kubiak et al. (2015) : at least 6 piglets in total number born, piglets had information about survival at birth and BW0 record and were heavier than 0.2 kg and lighter than 2.7 kg. After data editing, 87,221 piglets (including stillborn) from 5,500 litters remained in dataset. The pedigrees covered 5 generations for each of the dams (7,415 animals).
Genotypic Data
In total 4,409 sows (1,982 in Landrace and 2,075 in Large White) were genotyped for a total of 61,991 SNP of whole genome sequence markers with the Illumina PorcineSNP60 Beadchip (Illumina Inc., San Diego, CA). To provide the best quality of genotypic data, first, SNP that were missing in more than 10% of the animals were removed. Second, sows were removed that had more than 10% of the SNP missing after the first step. This resulted in removing 12,129 SNP (19.6%) and 99 sows (4.99%) in Landrace and 12,076 SNP (19.5%) and 101 sows (4.8%) in Large White. After data editing, 1,883 sows with 49,862 SNP in Landrace and 1,974 sows with 49,915 SNP in Large White remained in the dataset. Additionally, each SNP needed to satisfy the following requirements: 1. Minor allele frequency larger than 0.005, 2. All 3 genotypes are represented, which is similar to absence of extreme deviations from Hardy-Weinberg equilibrium. After quality control, 46,466 SNP in Landrace and 44,826 SNP in Large White remained.
Because the sows with poor genotypes were removed from the dataset, related phenotypic records were also removed. After all the editing, 748 Landrace sows with 29,430 piglets from 1,938 litters and 989 Large White sows with 51,818 piglets from 3,320 litters were left in the dataset. An overview of phenotypic data used in the analysis is shown in Table 1 . The same original data were used in Sell-Kubiak et al. (2015) , but the data editing did not require including the requirements of genotypic data. Therefore, analyzed datasets are slightly different. 
Model
To estimate breeding values and genetic parameters for BW0 and the residual variance of BW0 with GRM or PRM, DHGLM was fitted using software ASReml 2.0 (Gilmour et al., 2006) . The residual variance of BW0 is used here as a measure of the within-litter variance of BW0. DHGLM is a bivariate analysis, a GLM for the mean part of the model and a Gamma GLM with a log link function for the variance part of the model (Lee and Nelder, 2006; Rönnegård et al., 2010) . Instead of using a log link function, the response variable for the variance part of the model could be linearized (Felleki et al., 2012 We compared different DHGLM models with different sets of random effects by using Akaike's Information Criterion (AIC) and the adjusted profile h-likelihood (APHL; Mulder et al., 2013b) : maternal genetic effect, common litter effect, permanent environmental effect, and paternal genetic effect with PRM or GRM in the 2 dam lines separately (see Appendix 1 for details). Based on AIC and the fact that some models did not converge or gave estimated variance components on the boundaries, we decided to use the model including only maternal genetic and common litter effects.
The mean part of the model was:
The variance part of the model was:
where X, Z, and W are incidence matrices for fixed effects, maternal genetic effects, and common 
The predicted residual variances per observation  exp( ) ψ are based on the estimated fixed and random effects for ψ in the previous iteration of the algorithm. The fixed effects were: parity (13 levels), number of total born (21 levels), sex (2 levels), and the interaction of farm, year, and season of birth (374 levels for Landrace and 300 levels for Large White). The GRM was calculated using calc_grm (Calus, 2013) based on the following equation (VanRaden, 2008) :
where p i is the frequency of the second allele at locus i, and the elements of Z were derived by subtracting doubled frequency of allele expressed as a difference of 0.5, i.e., 2(p i -0.5), from matrix M that specifies the 3 marker genotypes for each individual as -1, 0, or 1 (VanRaden, 2008) . The GRM is subject to sampling errors because only part of the genome sequence is used (Powell et al., 2010) . Therefore, the GRM was adjusted following the procedure suggested by Yang et al. (2010) . The procedure of adjustments is described in more detail in Veerkamp et al. (2011) .
We simultaneously used Eq.
[1] and Eq.
[2] in the bivariate analysis in ASReml with the following steps (Felleki et al., 2012) After 20 runs of ASReml, estimated variance components had converged, i.e., the sum of relative squared deviations between estimated variance components in the current run and the previous run was smaller than 1×10 -6 .
Calculating Heritability and Genetic
Coefficient of Variation
This study performs analyses of BW0 variation on individual level, whereas previous studies used the within-litter variation of BW0. Therefore, it is necessary to define measures of heritability and genetic variation allowing comparison of this study with the literature.
The heritability of individual BW0 was estimated as:
where 2 e σ was assumed to be homogenous in the mean model, i.e., the first ASReml run. The heritability of BW0 on litter level was calculated as:
where n is the average number of piglets born in litters in the 2 dam lines, ignoring the common litter effect in this calculation.
The heritability of residual variance of BW0 was calculated using 3 measures: 
Cross-Validation
Eightfold cross-validation was executed to estimate the accuracy of EBV of GRM and PRM in each dam line for BW0 and within-litter variance of BW0. The aim was to assess this accuracy in particular for animals that do not have own performance or offspring, for instance newborn animals. Therefore, sows with daughters with litters in the dataset (i.e., grand-dams) were excluded from the validation set and placed in the reference population. From all the sows with litters, 20.9% (156 of 748) in Landrace and 21.5% (213 of 989) in Large White were grand-dams. The remaining sows were randomly divided into to 8 groups of equal size. In each run of the cross-validation, the phenotypic records were set to missing in 1 of the 8 groups and considered as validation population.
ASReml did not provide EBV for the validation population when GRM was used in DHGLM; thus we used separate BLUP runs for BW0 (mean part of the model) and the residual variance of BW0 (variance part of the model) to obtain EBV based on PRM or GRM (GEBV). Thus, all the sows in validation population had 2 EBV or 2 GEBV. The correlation coefficients in each fold were calculated between EBV (or GEBV) and adjusted phenotype: y* = a + c + e for the mean part of the model and ψ*= a v + c v + e v for the variance part of the model. Subsequently, the accuracy of EBV of the 2 univariate models was calculated as the average correlation coefficients of 8 folds divided by the squared root of corresponding heritability (Verbyla et al., 2010) ; 
RESULTS
Genetic Parameters
The estimated variance components and heritability for BW0 assuming homogeneous residual variance are shown in Table 2 . For BW0, the residual variance and common litter variance were equal in PRM and GRM. The maternal genetic variance was very similar when using PRM (0.015 in Landrace and 0.013 in Large White) or GRM (0.013 in Landrace and 0.011 in Large White), resulting in a similar estimate of maternal heritability with PRM (0.18 in Landrace and 0.19 in Large White) or with GRM (0.16 in Landrace and 0.17 in Large White). The same was observed for the heritability estimated on the litter level. Table 3 contains the estimated variance components and heritability for the residual variance of BW0. All the variance components estimated with either PRM or GRM were very similar. In Landrace, the maternal genetic variance with PRM was 0.06 and with GRM was 0.05. In Large White, the maternal genetic 
where n is the average number of piglets born in litters in the corresponding dam line.
variance when using PRM was 0.05 and with GRM was 0.04. Heritability at the level of the response variable ψ was also very similar in both dam lines when using PRM or GRM: about 0.03 in Landrace and 0.024 in Large White. The same was observed for the heritability at the level of the squared phenotypic deviation, where estimates were 0.015 in Landrace and 0.012 in Large White with both PRM and GRM. As expected, the heritability estimated at litter level was the highest: about 0.18 in Landrace, whereas in Large White it was 0.16 with PRM and 0.14 with GRM. The GCV SDe was about 0.10 in both dam lines. This indicates good opportunities for response to selection. The correlation coefficients between the random effects in the mean and the variance part of the model are shown in Table 4 . The maternal genetic correlations between BW0 and residual variance of BW0 were positive and similar with PRM and GRM in both dam lines (about 0.54 in Landrace and 0.58 in Large White). The correlations between litter components on BW0 and its residual variance were at the same level for GRM and PRM in both dam lines (-0.06 in Landrace and -0.09 Large White). Table 5 shows the results of the cross-validation for BW0. The average correlation was slightly lower with PRM (0.16 in Landrace and Large White) than with GRM (0.18 in Landrace and 0.17 in Large White). The accuracy of EBV was also lower with PRM (0.38 in Landrace and 0.37 in Large White) than with GRM (0.45 in Landrace and 0.41 in Large White), but differences in accuracy were not significant (P > 0. 05, t-test) . The average regression coefficients were closer In mean model, the correlation coefficients in each fold with phenotype missing was calculated between EBV and GEBV with adjusted phenotype (y* = a + c + e).
Cross-Validation of PRM and GRM
2 Accuracy of EBV was calculated by dividing the average of correlation coefficients of 8 folds by the square root of the corresponding heritability. to 1.0 with PRM (1.06 in Landrace and 0.85 in Large White) than with GRM (0.89 in Landrace and 0.75 in Large White), but differences were not significantly different from each other and from 1 (P > 0.05, t-test). Table 6 presents the results of the cross-validation for the residual variance of BW0. The average correlation coefficient in Landrace was 0.04 with PRM and 0.06 with GRM, whereas in Large White it was 0.05 with PRM and 0.04 with GRM. Using GRM increased the accuracy of EBV from 0.23 (PRM) to 0.35 (GRM) in Landrace, but decreased it in Large White from 0.34 (PRM) to 0.29 (GRM). Differences in accuracy were not significant (P > 0.05, t-test). The average regression coefficient in Landrace with PRM (0.71) was lower than with GRM (0.81), whereas in Large White it was the opposite (0.93 with PRM and 0.60 with GRM). Regression coefficients were not significantly different from each other or from one (P > 0.05, t-test).
Based on estimated accuracies, the number of chromosome segments was calculated (134 for the mean and 98 for the variance in Landrace and 255 for the mean and 159 for the variance in Large White). With the number of chromosome segments, the accuracy of genomic selection was shown as a function of the size of the reference population (Fig. 1) . To obtain higher accuracies for within-litter variation with GRM than with PRM, reference populations should contain at least 2,000 animals.
DISCUSSION
This study is the first one using GRM in genetic analysis of BW0 and within-litter variance of BW0. The main objective of this study was to compare GRM with PRM to estimate genetic parameters and breeding values for BW0 and within-litter variance of BW0.
Genetic Parameters
The variance components estimated with PRM or GRM for BW0 in the mean part of the model were similar to previously published results. Roehe (1999) reported the adjusted maternal and direct heritability for individual BW0 obtained with Bayesian method to be 0.22 and 0.08. The maternal and direct heritability of individual birth weight in Large White pigs estimated in REML by Kaufmann et al. (2000) was 0.21 and 0.02, whereas Kapell et al. (2011) reported the maternal heritabily for individual BW0 ranging from 0.08 to 0.28 in different dam lines.
The heritability of residual variance ( 2 v h ) estimated here were slightly lower than observed in previous studies. In general, 2 v h estimates lower than 0.05 were reported for various traits: body weight of pigs and chicken (Rowe et al., 2006; Mulder et al., 2009; Wolc et al., 2009) , birth weight of rabbits (Garreau et al., 2008) , slaughter weight of pigs (Ibáñez-Escriche et al., 2008a) , and weight gain of pigs (Ibáñez-Escriche et al., 2008b) . Hill and Mulder (2010) found a median 2 v h of 0.03.
For comparison of our results to other studies on within-litter variation, it is best to use 2 v litter h , which enables comparison with studies reporting the heritability of within-litter birth weight in piglets using the standard deviation of BW0. Here we estimated the heritability at litter level, which was higher than found in the literature. Heritability for within-litter SD of BW0 was estimated on the level of 0.08 by Damgaard et al. (2003) and 0.10 by Högberg and Rydhmer (2000) . This study, together with previous studies, shows that the withinlitter variation of BW0 is under genetic control. 1 In residual variance model, the correlation coefficients in each fold with phenotype missing was calculated between EBV and GEBV with adjusted phenotype (ψ* = a v + c v + e v ).
2 Accuracy of EBV was calculated by dividing the average of correlation coefficients of 8 folds by the square root of the corresponding heritability. 
Comparison of PRM and GRM
Although not significant (P > 0. 05, t-test) , the maternal genetic variance in GRM was slightly lower than in PRM for BW and its residual variance. The observed decrease in maternal genetic variance is likely to be related to the scaling of GRM (Yang et al., 2010) . This was similar to the study of Mulder et al. (2013a) for somatic cell score and its residual variance in dairy cattle when using either GRM or PRM. Differences in variance components between GRM and PRM have been observed before and they are caused by difference in scaling of the matrices (Veerkamp et al., 2011; Powell et al., 2010) . The base of the GRM was arbitrarily the current genotyped population as the allele frequencies used to compute the GRM were estimated from the current population, whereas the base of the PRM was the first generation of the pedigree. The calc_grm (Calus, 2013) uses the pedigree to scale the inbreeding in GRM to the same level as in PRM, which should provide the same base generation for both matrices. This was not implemented yet by Veerkamp et al. (2011) , which may explain the much larger differences between the GRM and PRM variance components in the previous studies compared to this study.
In Landrace, using GRM instead of PRM increased the accuracy of EBV for both BW0 and its residual variance. In Large White, the accuracy of EBV increased for the BW0 but not for residual variance of BW0. The observed differences in both dam lines were not significantly different, which could have two possible causes. First, sampling variation of these correlations is large and, therefore, an 8-fold cross-validation is unable to obtain significant differences. Second, the size of the reference population was small for both lines. Using the Daetwyler et al. (2008) equation, we showed that at least 2,000 genotyped animals are required to obtain higher accuracies with GRM than with PRM. The estimated numbers of chromosome segments were smaller than found in cattle (Mulder et al., 2013a) . The low number of chromosome segments might be caused by tight genetic relationships within the reference populations of these 2 dam lines. These low numbers of chromosome segments give very good prospects for genomic selection because reference populations can be relatively small.
The regression coefficients were expected to be close to 1 to indicate no bias in EBV or GEBV. The regression coefficients were closer to 1 in the mean part of the model than in the variance part of the model. Also, slightly lower regression coefficients were found with GRM than with PRM. Although differences were not significant, this may indicate that the variance of GEBV is too large, i.e., the denominator of the regression coefficient. This could be caused by the different scaling of GRM compared to PRM as discussed earlier.
Used Model
Sell- Kubiak et al. (2015) used the same original data, which was analyzed with the model including the following effects: maternal genetic, common litter, permanent sow, and paternal genetic effects. Here, a model including only maternal genetic and common litter effects was used. It was not possible to obtain estimates for permanent sow and paternal genetic effects when using GRM in Landrace data. This was caused by the limited power to disentangle all random effects due to not enough repeated observations per sow (see Appendix 1). To enable the comparison of all the models, permanent sow and paternal genetic effects were not included in the analysis. Excluding permanent sow effect may have led to an overestimation of the maternal genetic variance, although the permanent sow effect explains only a small part of the total variance (Sell-Kubiak et al., 2015) .
Implications for Breeding Programs
The additive variance in the variance part of the model showed that the variation of piglets' BW0 is under genetic control, which indicates large potential for selection. Solely selecting to reduce within-litter variance of BW0 would yield a 10 to 12% reduction (based on GCV SDe) in residual standard deviation, assuming a genetic progress of 1 genetic standard deviation. It should be noted, however, that the positive genetic correlation between mean BW0 and withinlitter variance of BW0 would warrant index selection to limit reduction in mean BW0 when selecting for reduced within-litter variance. Further research could focus on the genetic relationships of within-litter variance of BW0 with traits that are also highly influenced by maternal genetic effects, such as litter size and piglet survival. Selection index calculations can be used to get a clear picture of the utility to increase withinlitter uniformity of piglets in a practical breeding program. The DHGLM provides the required parameters to set up the optimal selection index.
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